Eye movement research is a burgeoning frontier area in cartography that has attracted much attention from cartographers. However, the substantial amount of relevant literature poses a challenge for researchers aiming to obtain a rapid understanding of the intellectual structure of this research field. The purpose of this paper is to introduce the use of bibliometric analysis methods and multiple visual metaphors to visualize the intellectual structure of eye movement research in cartography, including the classic literature, research theme clusters, and research hotspots, etc. We also explain the use of geovisualization method, which can efficiently represent the spatial distribution of scientific power. Although the analysis results may not fully describe the whole research field, this method is generally applicable. We hope that it will not only help researchers to quickly grasp the evolution and trends of this research field, but will also become a novel method of merging geovisualization with knowledge visualization.
Introduction
Eye movement research involves eye movement analysis and eye tracking techniques [1] . Eye movement analysis refers to the analysis of gaze data and it is considered an outward manifestation of visual/cognitive processing [2] , while eye tracking techniques refer to the methods of gaze capturing. Eye movement research emerged almost a century ago and has contributed much to reading psychology, education psychology, consumer psychology, sports psychology, and traffic psychology [3] [4] [5] [6] [7] , as well as neuroscience, industrial engineering, human factors, and computer science [8, 9] . Since the 1970s, cartography research has used eye movement strategies. For example, users' map-reading behaviors have been explored to improve map design and map legibility [10, 11] , and differences in users' performance can represent differences in spatial cognition ability [12, 13] . Spatial cognition has been attracting cartographers' attention for a long time. Robinson's 1952 publication, The look of maps: An examination of cartographic design, is considered seminal in cognitive map research [14] . The author called for cognitive cartographers to systematically observe, collect, and explore data on how people look at and interpret maps, thus leading to the development of empirical approaches. One of the most important empirical approaches is eye movement research. With the development of eye trackers and eye tracking techniques, eye movement research has been widely used in research on animated maps [15, 16] , map interaction [17, 18] , web mapping [19, 20] , and way-finding with mobile eye-trackers [21, 22] . The scientific literature of one research field reflects the dynamic development of that field. However, it is difficult for researchers to quickly establish the understanding of the evolution and trends of their research field if the amount of scientific publications is substantial. Scientometrics provides effective bibliometric analysis methods to analyze scientific literature and can help researchers efficiently explore their specialty knowledge domain, which have already been applied in many research fields, for example, regenerative medicine [23] , schizophrenia research [24] , recommendation system research [25] , bioenergy research [26] , and geographic information systems (GIS) [27] . However, there has been no relevant research about cartography, especially about some emerging trends like eye movement research in cartography. On the other hand, the visual representations of the results directly produced by bibliometric analysis tools are not intuitively understandable. Therefore, the purpose of this paper is to analyze and visualize the intellectual structure of eye movement research in cartography with bibliometric analysis methods and multiple visual metaphors. The term "intellectual structure" used here includes classic literature, research theme clusters, research hotspots, and collaboration patterns indicating authorities in this research field. In addition to bibliometric analysis methods, we also used the geovisualization method for scientific collaboration analysis, which can efficiently represent the spatial distribution of scientific power. Although the results may not fully describe the whole knowledge domain, it can help researchers who are new to eye movement research in cartography to quickly explore the achievements and new trends in this field.
The structure of this paper is organized as follows: Section 2 describes the current bibliometric analysis methods and tools, Section 3 presents the data and workflow, Section 4 illustrates the analysis results, and Sections 5 and 6 give the discussion and conclusions of our work.
Bibliometric Analysis Methods and Tools
The current widely used bibliometric analysis methods include co-citation analysis, bibliographic coupling analysis, and co-occurrence analysis (e.g., co-citation analysis to explore the structure and evolution of a research field [28] , bibliographic coupling analysis for patent grouping [29] , co-occurrence analysis of authors to detect research groups and author productivity [30] , and co-occurrence analysis of keywords for research hot spots [31] ). Details of these methods are described as below.
Co-Citation Analysis
Co-citation, introduced by Small and Griffith [32] , is defined as the frequency with which two documents are cited together. If two scientific documents are cited by another document, there is a co-citation relationship between the two documents. The more frequently the two documents are cited together, the closer the relationship between them. Co-citation can be used not only for literature analysis (called "document co-citation"), but also for author co-citation or journal co-citation [33] .
Chen [34] has conceptualized a specialty as a time-variant duality between two fundamental concepts: research fronts and intellectual bases. Research fronts are defined as emergent and transient groupings of concepts and underlying research issues; the publications cited by research fronts comprise the intellectual bases. Document co-citation analysis has been used to study intellectual bases by many researchers, which allows the identification of key works [35, 36] . It is worth emphasizing that, because document co-citation is dependent on the citing literature, its patterns can change over time.
Bibliographic Coupling Analysis
Kessler [37] found that the more similar two papers' research interests are, the more co-citations these papers receive, and the relationship between citing papers was defined as bibliographic coupling relationship. If two papers cite the same paper, these two papers are coupled papers. Coupling strength is the number of shared cited papers; higher coupling strength indicates a greater similarity in research theme. Furthermore, we can cluster the bibliographic coupling network to visualize the theme communities of the network. Generally, bibliographic coupling analysis is used to identify sets of recent papers [38] . It differs from co-citation analysis because a paper's citations cannot be modified after it is published; therefore, the bibliographic coupling relationship is fixed and permanent. In addition to bibliographic coupling analysis, author coupling and journal coupling are also effective ways to explore the similarity of author interests or journal themes.
Co-Occurrence Analysis
Co-occurrence analysis provides a quantitative method to obtain concurrence information from any information carriers [39] . Concurrence is a linguistics term; co-occurrence analysis can either detect concurrence or the above-chance frequent occurrence of two terms from a text corpus. Based on co-occurrence analysis, co-words analysis is a content analysis method that analyzes the co-occurrence of paired items (i.e., keywords or noun phrases) in a text corpus to detect the relationships between ideas within the subject areas presented in these texts [40] . Co-word analysis seeks to extract the themes and explore the linkages among them within the scientific literature; as a result, it can be used to reflect both research topics and evolving frontiers [41] .
Co-occurrence analysis can be broadened to co-author analysis, or co-institution analysis and co-country/territory analysis, which can reveal scientific collaboration patterns. Generated co-occurrence networks provide graphic visualization of relationships between terms, authors, institutions, or other objects.
Many tools have been developed to facilitate interpretation of bibliometric analysis results, including CiteSpace, Bibexcel, Science of Science (Sci 2 ) Tool, and VOSViewer [42] . Among them, CiteSpace is an out-of-box, user-friendly and powerful software. It is a freeware, Java-based application developed by Chen for mapping scientific knowledge, and it has been continuously updated [34] ; the version used in this paper is 4.0. CiteSpace can read various kinds of bibliographic source formats, such as Web of Science (WOS), PubMed, Scopus, ADS, arXiv, NSF, and some Chinese database formats (e.g., Chinese National Knowledge Infrastructure [CNKI] and Chinese Social Sciences Citation Index [CSSCI]). It can generate and visualize networks comprising many nodes and edges, and can prune networks using a minimum spanning tree algorithm or pathfinder algorithm. It provides three views to display the network: cluster view, timeline view, and time zone view. For the cluster view, either the static form or the time slices form can be chosen; the latter splits the network by time interval. The timeline or time zone views show the nodes and edges as a time series form, which can explore the evolution of scientific literature.
Another useful functionality of CiteSpace is using cluster detection algorithm to divide a network into subgroup [34] . After clustering, CiteSpace can label each cluster with terms extracted from document titles, keywords, or abstracts. The terms which are usually noun phrases can be ranked by three algorithms which are tf*idf (term frequency-inverse document frequency), LLR (log-likelihood ratio) test, and MI (mutual information) provided by CiteSpace [43] . Tf*idf multiples two quantities tf and idf and is a metric to reflect how important a word is to a corpus [44] ; the LLR test is a statistical test to compare two models' goodness of fit based on likelihood ratio [45] ; MI indicates a reduction in uncertainty measures of how much one random variable tells us about another [46] . Terms selected by tf*idf tend to reflect a cluster's most salient aspect, while the other two algorithms give a unique aspect of a cluster [43] .
Although CiteSpace is powerful for bibliometric analysis, the visualization output is not very satisfactory and the software lacks geovisualization functionality. Therefore, we have used other visualization tools in addition to CiteSpace to achieve better representations which will be described in the next section.
Data and Methodology

Data
The data used in this paper were obtained from WOS, which is considered one of the most comprehensive and high-quality online bibliographic sources. The WOS core collection citation indexes It is important to note that the searching strategy directly affects the results; the searching terms "eye tracking" or "eye movement" generate 40,601 records. As eye movement research in cartography is just one application of eye tracking technology, a narrower search scope is needed. Therefore, we further refined the results with searching terms such as "cartographic", "cartography", "map design", "map symbol", "map reading", "map display", "map usability", "map perception", "spatial cognition", "geovisualization", "spatial visualization", "web map", and "GIS", and refined the document type as article, book chapter, and proceeding papers. Our purpose is to obtain the research achievements about cartography problems solving based on eye movement analysis, rather than eye tracking technique itself. The reason to choose WOS is because its authority and high quality. However, WOS does not index all scientific publications, especially for some workshops (e.g., International Workshop on Eye Tracking for Spatial Research), so we manually captured that workshop's papers and wrote the corresponding information into WOS format. Although the refining terms may not cover all aspects of cartography research, the method used in this paper is generally applicable [27] ; researchers can restrict or expand the search scope according to their research interest.
Workflow
The workflow of our analysis process is shown in Figure 1 . At the beginning, we extracted bibliographic records from WOS using the proper searching terms, and stored the data into text format. Then we conducted the following analysis: firstly, we used co-citation analysis to explore classic literature; next, we performed bibliographic coupling analysis to detect research theme clusters; then we employed co-occurrence analysis to identify research hotspots and generated collaboration networks at author-level and institution-level, as well as a geo-collaboration network based on the geovisualization method. Some skills should be needed to manipulate the network for better interpretation that will be discussed in Section 5.
In the process, geovisualization is a key step to explore the spatial distribution and connection of scientific power. Geovisualization comprises the theory, methods, and tools for visual exploration, analysis, synthesis, and presentation of geospatial data. It draws on and integrates approaches from visualization in scientific computing, information visualization, cartography, image analysis, exploratory data analysis, and GIS [47] . Although the original bibliographic records are not geospatial data, we can extract the location-based information from text-format bibliographic records. For example, for data captured from WOS, the location-based information is stored in the C1 tag as the address string (e.g., BOSTON UNIV, CTR ADAPT SYST, 111 CUMMINGTON ST, BOSTON, MA 02215). If we want to construct the city collaboration network, we can extract the city name (BOSTON) from the address string. As a paper may have multiple authors, there may be several addresses; therefore, the duplicated city names should be removed. Then, city names can be parsed by a geocoding service to obtain the longitude and latitude to construct points. If there are two cities associated with one paper, a line connecting the two points will be generated to represent the collaboration between the two cities. The relationship can be mapped with a graph Gc = (Vc, Ec), in which Vc are the city nodes and Ec are edges representing the collaboration of the cities. The process of constructing a geo-collaboration network is shown in Figure 2 and the pseudocode is presented in Appendix A. 
Visualization Tools
Gephi
Gephi is an open-source software for data analysts and scientists keen to explore and visualize graphs and networks [48] . It can produce a better representation output than CiteSpace and provide many network layout styles; for example, force atlas, fruchterman reingold, yifan hu, and geolayout. Since graphs created by CiteSpace may overlap (and, therefore, are sometimes hard to understand), we prefer to use Gephi to display networks by reading the exchange file with CiteSpace output.
In addition to its powerful graphical representation, Gephi is useful for exploratory data analysis. It can also detect community, and calculate the shortest path, degree centrality, betweenness centrality, clustering coefficients, and other information in the network.
CartoDB
CartoDB is an easy-to-use online geovisualization tool that allows the creation of beautiful visualizations of geographic data [49] . CartoDB can read user's data files or connect with Google Drive, Dropbox, or Twitter. It can create maps in seconds, and there is no need for users to install any additional software or have map-making experience. CartoDB APIs can provide more data processing and spatial analysis functionalities for developers.
Results and Analysis
Classic Literature
The term "classic literature" used here is defined as the most cited works by peers in one research field, that is, the works with high local citation score (LCS). The LCS is a more direct measure of specialty activity and profile because it reflects the topic/subject matter within the research domain [50] . Document co-citation analysis of all citations in bibliographic records reveals the most cited works. In CiteSpace, we performed document co-citation analysis of all the citations and displayed the results using a time zone view, as shown in Figure 3 . The x-axis is divided into several zones by five-year intervals. In the figure, each node represents one work, which is comprised with rings; the color of the ring represents the year when the work was cited corresponding to the color ramp at the bottom of the figure, and the thickness of the ring represents its citation frequency. A line connecting two nodes indicates the co-citation relationship of the two works; the line color indicates the first time the two works were co-cited, which also corresponds to the color ramp. The top classic works identified in this analysis are labeled in Figure 3 and listed in Table 1 , ordered by local citation score. In Table 1 , the column "In Paper Collection" indicates that this work is also included in the bibliographic records download from WOS.
As illustrated in Figure 3 , the earliest work is the book How people look at pictures [51] , written by Buswell, a professor of educational psychology at the University of Chicago. This book is the first comprehensive publication to investigate and analyze subjects' eye movement behaviors while they looked at complex scenes. Buswell eye-tracked more than 200 subjects and used 55 photographs as experimental stimuli, including paintings, tapestries, and architecture [52] . Although this research applied eye movement analysis to psychology, and used photographs rather than maps as experimental stimuli, the photographs stimuli have some characteristics in common with maps [53] , so these findings are important for cartography research. The citing relationships of this book mostly appeared before the 1980s; since that time, there has been much research on eye movement in cartography. The article Eye movement studies in cartography and related fields by Steinke [53] is a milestone for cartographers doing research on eye movement. In this article, Steinke reviewed lots of key works dealing with eye movement research in cartography and related fields, for example, the works did by Buswell and Brandt. Steinke highlighted the work of Jenks, who conducted many eye movement experiments since 1971 to address cartographers' questions about the relationships between map design and map reading.
The most significant node in Figure 3 is Rayner's article Eye movements in reading and information processing: 20 years of research, which reviewed eye movement studies in reading and other areas of information processing from 1978 to 1998 [54] . The second most significant node is Evaluating the effectiveness of interactive map interface designs: A case study integrating usability metrics with eye-movement analysis [17] , published in Cartography and Geographic Information Science, which is one of the most authoritative accounts of map usability research. Using two interactive map websites, Coltekin et al. integrated eye movement research with traditional usability methods to measure the user satisfaction, efficiency, and effectiveness of the two map interfaces. Another usability study was Jacob and Karn's Eye tracking in human-computer interaction and usability research: ready to deliver the promises, which discussed both retrospective and real-time eye tracking in human-computer interaction [55] . Other remarkable works include: Itti et al. [56, 57] proposed the saliency map model; Fabrikant et al. [58] introduced sequence alignment analyses techniques from bioinformatics to eye tracking recording data analysis. Additionally, there are three books listed in Table 1 : Eye tracking methodology: Theory and practice [1] ; Eye motion and vision [59] ; and The hippocampus as a cognitive map [60] . Among them, Duchowski's book has been widely quoted and translated into Chinese; it systematically introduces the human visual system, the hardware and software of the eye tracking technique, and experimental guidelines for the use of eye tracking in many application areas.
Research Theme Clusters
In addition to retrospectively analyzing the classic literature of intellectual bases, we can use bibliographic coupling analysis to identify the latest literature to reveal developmental trends. It is possible to perform bibliographic coupling analysis on citing papers based on one or several classic works, and then cluster the network to extract research themes from paper titles, keywords, or abstracts which has been described in Section 2. In Table 1 , we can find that Coltekin's work Evaluating the effectiveness of interactive map interface designs: A case study integrating usability metrics with eye-movement analysis is not only in Top 10 classic literature list, but also in the citing paper collection, and it is a representative of combining traditional usability metrics with eye movement research. Thus, we take Coltekin's work for example, and collected all 36 papers citing this work from WOS. The data was retrieved on 27 January 2016, the publication year spans from 2009 to 2015. The cluster result of the bibliographic coupling analysis is shown in Figure 4 .
The bibliographic coupling network is divided into six clusters differentiated by color. The nodes are labeled with each paper's first author name and publication year, and the node size indicates its significance (i.e., degree centrality) in the network; that is, those nodes that have more connections with other nodes. The results show that the connections between the nodes are tight inside the clusters but loose between the clusters, and papers written by the same author or authors from the same institution are mostly clustered into one group. Both of these aspects indicate the rationality of the cluster result. The cluster partition can also be evaluated by silhouette, which is a homogeneity metric that ranges from −1 to 1 [61] . Generally, the result is significant when the silhouette is larger than 0.7; the larger the silhouette, the more homogeneous the cluster. As shown in Table 2 , all the silhouettes are larger than 0.8, so the result is confidential. Table 2 also shows the cluster labels extracted by tf*idf, LLR, and MI algorithms from paper titles. If the number of clusters is too large, the cluster labeling method is much more useful to facilitate interpretation of the research themes. However, there is no precise way of determining which term ranking algorithm is best. If we are interested in usability research, cluster 1 and cluster 2 should both be further investigated. To examine the research theme of one cluster, it is useful to identify the papers with high degree centrality. By further exploring the high degree centrality papers, we can determine that in cluster 1, the usability metric is mainly used for traditional cartography problems, for example, Ooms [62] proposed an improved label placement method based on eye movement analysis; Golebiowska [63] integrated usability metric to explore how map legend works as map is read; or using the Visual Analytics Toolkit for complementing conventional eye movement data analysis method [64] . In cluster 2, the usability research achievements are mainly related to new and emerging technologies like web mapping navigation schemes [20] , citizen-based web mapping [65] , mobile phone or tablet [66] , or user experience in map-based geo-portals [67] . An examination of other clusters also reveals some interesting research topics, such as studies of perception of 2D and 3D terrain visualization [68] , difference of experts and novices attentive behavior [12, 13] , animated maps [15, 16] , image enhancement in web mapping [69] , and volunteered geographic information (VGI) [19] .
Research Hotspots
By performing co-occurrence analysis of all the keywords extracted from bibliographic records (e.g., co-words analysis), we can create a co-occurrence network of keywords, as shown in Figure 5 . This helps to detect the top ranked keywords with large node sizes, reflecting the research hotspots. The edges between two nodes represent the two keywords' co-occurrence relationship in one paper; nodes that have more connections with others (i.e., high degree centrality) are more significant in the network. For better interpretation, we excluded keywords like "eye movement" or "eye tracking", which are definitely the largest nodes in the network. ...
If the number of clusters is too large, the cluster labeling method is much more useful to facilitate interpretation of the research themes. However, there is no precise way of determining which term ranking algorithm is best. If we are interested in usability research, cluster 1 and cluster 2 should both be further investigated. To examine the research theme of one cluster, it is useful to identify the papers with high degree centrality. By further exploring the high degree centrality papers, we can determine that in cluster 1, the usability metric is mainly used for traditional cartography problems, for example, Ooms [62] proposed an improved label placement method based on eye movement analysis; Golebiowska [63] integrated usability metric to explore how map legend works as map is read; or using the Visual Analytics Toolkit for complementing conventional eye movement data analysis method [64] . In cluster 2, the usability research achievements are mainly related to new and emerging technologies like web mapping navigation schemes [20] , citizen-based web mapping [65] , mobile phone or tablet [66] , or user experience in map-based geo-portals [67] . An examination of other clusters also reveals some interesting research topics, such as studies of perception of 2D and 3D terrain visualization [68] , difference of experts and novices attentive behavior [12, 13] , animated maps [15, 16] , image enhancement in web mapping [69] , and volunteered geographic information (VGI) [19] . As shown in Figure 5 , "attention" and "spatial cognition" are the two major nodes in the network, both with high occurrence frequency and degree centrality. The Top 20 ranked keywords are listed in Table 3 , ordered by occurrence frequency. It is interesting that the top ranked keywords ("visual attention", "visual search", "saccade", "perception", "strategy", "model", etc.) cluster mostly around these two significant nodes. Among them, "posterior parietal cortex", "perception", and "saccade" are related to "attention"; while "monkey", "area7a", and "memory" are located near "spatial cognition". 
Collaboration Patterns
Author Level
Research collaboration is an activity engaged in by researchers working together for the common goal of producing new scientific knowledge, and co-authored publication has generally been used as a fundamental counting unit to measure this activity [70] . Price and Beaver [71] have pointed out that the invisible college comprised of highly productive authors is the main reason for rapid growth of knowledge. It is possible to detect co-author relationships and high productivity authors by generating a co-occurrence network of authors from the bibliographic records. Using this method, we found that nearly 80% of authors have only one publication. To highlight the main structure of the network, we excluded authors with only one publication from the network; the resultant structure is shown in Figure 6 . The size of nodes represents the frequency (i.e., the author's publication quantity), and the lines connecting the nodes indicate the co-author relationships.
In Figure 6 , it can be found that the most productive author is Popelka, who is the head of the eye tracking laboratory at Palacky University, Czech Republic. Popelka and his partner Brychtova have co-authored four works. Another significant group is led by Ooms, Maeyer, and Fabrikant. Ooms and Maeyer are from Ghent University, and they have co-authored eight works; Fabrikant is from Zurich University, who also has eight works, and we can see that there is a lot of cooperation between the two universities. Additionally, the team led by Callet and Narwaria is also outstanding, and there are four works co-authored by them. Table 4 shows the top ranked authors with more than three publications listed by publication quantity. In addition, it is important to notice that co-occurrence analysis of authors just use publication quantity as the nodes frequency. Unlike the H-index, it can only reflect the authority of scholars to some extent, and some prominent authors may not appear in this analysis result due to the fact that WOS does not index all publications in this research field. occurrence analysis of authors just use publication quantity as the nodes frequency. Unlike the Hindex, it can only reflect the authority of scholars to some extent, and some prominent authors may not appear in this analysis result due to the fact that WOS does not index all publications in this research field. Arzu Coltekin 4 2 Figure 6 . Co-occurrence network of authors (size of the node represents author's publication quantity). 
Institution Level
The co-occurrence analysis of institutions can detect and visualize the distribution of scientific power. Figure 7 shows the main structure of the co-occurrence network of institutions after excluding institutions with only one publication. The node size represents the frequency (i.e., the institution's publication quantity), and the lines connecting nodes indicate the collaboration relationships between two institutions. The result indicates that collaboration always occurs between institutions with high publication quantity, such as Palacky University, Zurich University, and Ghent University, which form the core centers of the network. Minnesota University is also a significant node in the network. Other institutions with more than three publications are listed in Table 5 . power. Figure 7 shows the main structure of the co-occurrence network of institutions after excluding institutions with only one publication. The node size represents the frequency (i.e., the institution's publication quantity), and the lines connecting nodes indicate the collaboration relationships between two institutions. The result indicates that collaboration always occurs between institutions with high publication quantity, such as Palacky University, Zurich University, and Ghent University, which form the core centers of the network. Minnesota University is also a significant node in the network. Other institutions with more than three publications are listed in Table 5 . University of California, Santa Barbara 4 In the process of generating co-occurrence networks of institutions, problems stemming from alternative spellings of an institution's name may be encountered. For example, in the bibliographic records, Palacky University is written as both "Palacky Univ" and "Palacky Univ Olomouc", two types of spelling that would create two nodes in the network. As a result, we have to merge the two nodes to avoid misinterpretation. Another problem is due to information missing of some author's institutions in bibliographic records, so these institutions' corresponding frequency would not be calculated.
City Level
Geovisualization can display geospatial data interactively and dynamically to reveal the distribution of spatial phenomena. After extracting city location information from text-format bibliographic records, we constructed a geo-collaboration network at city level, as described in Section 3.2. CartoDB was used to make an interactive dot map as illustrated in Figure 8 to reveal the spatial distribution of scientific power. On the map, a dot represents a city where author's institution located in, and the line between two dots indicates two cities' cooperation relationship. It can be found that dots are clustered in Europe and USA, which forms two centers of eye movement research in cartography. The geo-collaboration network clearly shows that Europe is the international collaboration center in the world. GIS statistics indicate that nearly 60% of the city collaboration relationships are transnational collaborations, and the average collaboration distance is 2300 km, which indicates how international collaboration is more convenient in modern times owing to progress in transportation and academic communications.
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Geovisualization can display geospatial data interactively and dynamically to reveal the distribution of spatial phenomena. After extracting city location information from text-format bibliographic records, we constructed a geo-collaboration network at city level, as described in section 3.2. CartoDB was used to make an interactive dot map as illustrated in Figure 8 to reveal the spatial distribution of scientific power. On the map, a dot represents a city where author's institution located in, and the line between two dots indicates two cities' cooperation relationship. It can be found that dots are clustered in Europe and USA, which forms two centers of eye movement research in cartography. The geo-collaboration network clearly shows that Europe is the international collaboration center in the world. GIS statistics indicate that nearly 60% of the city collaboration relationships are transnational collaborations, and the average collaboration distance is 2300 kilometers, which indicates how international collaboration is more convenient in modern times owing to progress in transportation and academic communications. 
Discussion
Discussion Related to Analysis Methods
By introducing the use of bibliometric analysis methods in eye movement research in cartography, this paper demonstrates an effective and efficient way to visualize the intellectual structure of this knowledge domain, helping researchers quickly discover the main structure of this burgeoning research field. In addition, we did a lot of work that would improve current methods to facilitate interpretation from a professional perspective, greatly contributing to better understanding of the results. Four facets of the work warrant discussion.
First, the searching strategy is key to the results, so the proper searching strategy should be discussed with experts on this field, and may be modified several times based on results evaluation. 
Discussion
Discussion Related to Analysis Methods
First, the searching strategy is key to the results, so the proper searching strategy should be discussed with experts on this field, and may be modified several times based on results evaluation. On the other hand, due to the fact that WOS does not index all scientific publications, it is difficult to fully encompass the research scope of this field. Therefore, we manually added some workshop papers to ensure the effectiveness of the results, but it is time consuming. The automatic mechanism to translate the user-defined bibliographic database format into WOS format is needed, but it is a challenging work due to different standards of different databases.
Second, the selection criteria for network construction is key to controlling the scope of the network model. For example, there are several methods to select criteria in the network, such as Top N, Top N%, and threshold levels of c, cc, ccv (i.e., citation threshold, co-citations threshold, co-citation coefficients threshold) [34] for each time slice. Considering the quantity of publications and the year span in our bibliographic records, we chose the Top N method and set it as 10, with five years as the time interval for co-citation analysis, as well as Top 10 for bibliographic coupling analysis, Top 50 for co-occurrence of keywords, authors, and institutions of each year. Large data sets permit larger N values.
Third, the network should be manipulated after generation to achieve better interpretation. Take the co-occurrence of keywords as an example. If the largest nodes "eye movement" and "eye tracking", which are definitely prominent, are not excluded from the network, other nodes may appear very small and be difficult to identify. In some cases, nodes should be merged because of different spellings of the same object, such as institution or author names.
Finally, since the visualization outputs generated by bibliometric analysis tools are not very satisfactory, it is a better choice to present the analysis results by other visualization tools, such as Gephi, based on exchange files. Additionally, by constructing a geo-collaboration network, the distribution of scientific power was represented at a macro level. This allowed us to extract location-based information from bibliographic records and display it spatially and intuitively. Furthermore, more GIS functionalities, such as spatial clustering analysis, can be performed.
Discussion Related to Current Trends
In addition to the WOS literature, some workshops have contributed much to the development of eye movement research in cartography, for instance, the pre-conference workshop on eye tracking sponsored by ICA (International Cartographic Association) in 2013, and the 1st and 2nd International Workshop on Eye Tracking for Spatial Research held in 2013 and 2014. During the ICA eye tracking workshop, in addition to applications of eye movement research, new measurements and GIS tools were introduced to analyze eye movement data (e.g., a method to automatically identify user's different activities on maps [72] , using a space-time cube to display and analyze eye movement recordings [73, 74] ). ICA Commission on Cognitive Issues in Geographic Information Visualization also listed some tools for eye movement data analysis on its official website. EyeMMV (Eye Movements Metrics and Visualizations) and Saliency toolbox are the representative ones among them. EyeMMV is an open source MATLAB toolbox designed for post experimental eye movement analysis, which supports all eye tracking metrics and visualization techniques [75] . The project of saliency-based visual attention was started in the laboratory of Prof. Christof Koch at Caltech. The saliency toolbox is also a MATLAB toolbox that used for computing the saliency map of an image [56, 57, 76, 77] . Additionally, other useful tools include iMap4 [78] and DynAOI [79] . The International Workshop on Eye Tracking for Spatial Research launched a wide range of discussion about eye movement research that is not limited to cartography. For example, with mobile eye tracker, both indoor and outdoor way-finding have been further discussed [80] [81] [82] [83] .
Recent technological developments in the area of eye movement have opened up new perspectives for cartographers in spatial cognition research. Cartographers have made many progresses on navigation behaviors with eye tracking techniques. By comparing 2D maps with photorealistic 3D representations for pedestrian navigation, Dong and Liao [84, 85] found that the advantages and disadvantages of 3D representations are task dependent: 3D representations performed less effectively and efficiently in the process of spatial knowledge acquisition, but more efficiently in self-positioning and orientation. Similar experimentation was conducted by Lei et al. [86] , using 2D and 3D electronic maps for way-finding. The results showed that people carried out a wider ranging search and shorter viewing time with the 2D electronic map, while the 3D electronic map provided more information about the environment. Additionally, mobile eye trackers have been adopted to evaluate landmark identification and recall on maps [87, 88] . On the aspect of map reading and map perception, some special users (e.g., users with color vision deficiency) have been investigated [89] . Furthermore, compared with 2D static maps, dynamic map symbols [90, 91] , dynamic interactive applications [92] [93] [94] , and panoramic maps [95] have attracted much more attention in cartographers. In the future, eye tracking techniques might make great contributions to cartography in the usability research of VR (virtual reality) [96] , AR (augmented reality) [97] , emotional recognition [98, 99] , etc.
Conclusions
This paper investigated and visualized the classic literature, research theme clusters, research thotspots, and collaboration patterns of eye movement research in cartography using multiple visual metaphors. In addition, geovisualization method was used to represent the spatial distribution of scientific power. As a result, we discovered some interesting characteristics of this knowledge domain.
Co-citation analysis revealed the classic literature that would be most helpful for novice researchers. The result showed that eye movement research in cartography is an interdisciplinary field that encompasses areas such as psychology, cognitive science, usability engineering, and computer science. Particularly at the early stage of its development, the most cited literature is from the psychology research field. Since the 1970s, some cartographers have explored relationships between map design and map reading using eye tracking experiments, and there has been much research since the 1980s, especially in the last two decades. The co-words analysis results showed that cartographers have focused on attention and spatial cognition, and bibliographic coupling analysis identified some trends of usability research. In addition to focusing on the classical problems in traditional cartography, such as the map labels placement method or map legend layout, eye movement research in cartography about usability has embraced several emerging techniques, such as web mapping, mobile mapping, animated mapping, and VGI. This paper also explored scientific collaboration from a micro level to a macro level; this helped to reveal the authorities and scientific power distribution of this research field. We noted that most of the authors had only one publication; that the most productive authors are mainly from Palacky University, Zurich University, and Ghent University; and that highly productive authors always have more collaboration relationships. In addition, the geo-collaboration network showed that Europe and the USA form two clusters of eye movement research in cartography, and that Europe is the international collaboration center.
A picture is worth a thousand words and the method proposed in this paper may help the investigation of knowledge domains. We hope that the method will not only assist researchers in quickly grasping the evolution and trends of their research field, but will also become a novel method by which to merge geovisualization with knowledge visualization. 
